Abstract. The flowfields inside a contour and a conical nozzle exhausting into a straight cylindrical supersonic diffuser are computed by solving numerically axisymmetric turbulent compressible NavierStokes equations for stagnation to ambient pressure ratios in the range 20 to 34. The diffuser inlet-to-nozzle throat area ratio and exit-to-throat area ratio are 21.77, and length-to-diameter ratio of the diffuser is 5. The flow characteristics of the conical and contour nozzle are compared with the help of velocity vector and Mach contour plots. The variations of Mach number along the centre line and wall of the conical nozzle, contour nozzle and the straight supersonic diffuser indicate the location of the shock and flow characteristics. The main aim of the present analysis is to delineate the flowfields of conical and contour nozzles operating under identical conditions and exhausting into a straight cylindrical supersonic diffuser.
Introduction
Flow through a convergent-divergent conical nozzle is customarily analyzed using a quasi-onedimensional isentropic flow equation (Liepmann and Roshko 2007) . The method of characteristics (Shapiro 1953) in conjunction with the Prandtl-Meyer function and isentropic relation is usually employed to design a two-dimensional contour nozzle for obtaining uniform flow at the nozzle exit and minimum nozzle length. From these studies, it is found that the location and the shape of the hump on the centre line Mach number distribution are functions of the geometrical parameters of the nozzle such as semi-cone angle of the divergent section of the nozzle (Delussu and Talice 2002) . The flow separation inside the nozzle has been the subject of experimental (Frey and Hagemann 2000) theoretical (Summerfield et al. 1954) and numerical (Mehta et al. 2012 ) studies. The flow-field features inside the high expansion rocket nozzle are required for the optimum thrust at high altitude.
A constant area supersonic exhaust diffuser (SED) is generally used for testing the propulsive nozzles. The straight cylindrical SED can simulate low pressure environment for evaluating steady-state performance of a rocket nozzle. Massier and Roschke (1960) have conducted experimental studies to find out the influence of SED configuration on pressure recovery. made a small-scale HAT facility to evaluate the flowfield of various types of SED. A lab-scale high-altitude simulator (Yeom et al. 2009 , Sung et al. 2010 was set-up to analyze the complex flowfield of the SED performance in conjunction with the experimental and the numerical methods. Sivo et al. (1960) describe the use of the various types of SED for the High Altitude Test facility. The challenging task in designing such a diffuser is to keep the facility length shorter and starting pressure ratio as low as possible. Goethert (1962) has carried out experimental investigation using SED. Their experimental studies have revealed that the starting stagnation pressure for a diffuser is a function of the geometrical parameters and the operating conditions of the rocket motor. investigated fluid dynamics of starting and terminating transients of ejector. Kim et al. (2008) have carried out analytical studies for starting pressure of an annular injection supersonic ejector. Optimization of second throat ejectors for high altitude test facilities has been numerically carried out by Kumaran et al. (2009) . Park et al. (2012) investigated the nozzle expansion ratio and nozzle contour on the starting of exhaust diffuser for altitude simulation.
The flowfield features inside the nozzle and the SED are complex and difficult to visualize experimentally. The satisfactory running of the SED needs a number of pressure measurements in order to evaluate its performance. The main aim of the present work is to investigate the flow characteristics of the rocket nozzle as well as the diffuser at different stagnation-to ambient pressure ratios. The numerical simulation will help to delineate the flowfield features such as shock wave structure, separated flow regions, boundary layer growth, and static pressure variations along the centre line and wall of the straight cylindrical SED. The Reynolds-averaged NavierStokes (RANS) equations are used with a low Reynolds number turbulence model (Spalart and Allmaras 1992) and are solved using FLUENT (2010) flow solver. The value of L/D=5 is minimum length to diameter ratio for starting SED (Annamalai et al. 2002) 
Numerical analysis
The axisymmetric time-dependent compressible turbulent Reynolds-Averaged Navier-Stokes equations considered in the present analysis are in strong conservation form and are solved using the FLUENT (2010) software. The one-equation turbulence model proposed by Spalart-Allmaras (1992) is employed to compute eddy viscosity.
The following initial and boundary conditions are applied in the numerical analysis for the compressible and viscous flow inside the SED. At the nozzle wall, a no-slip condition is enforced together with adiabatic wall condition. The stagnation temperature of the air is kept at 300 K. The stagnation pressure at the nozzle inlet is varied in the range 10.010 5 -17.010 5 Pa. The ambient pressure at the diffuser is 0.510 5 Pa. The axial velocity is extrapolated and the radial velocity is calculated using the inlet condition. At the centre line of the axisymmetric convergent-divergent nozzle and the straight cylindrical supersonic diffuser, the symmetric conditions are prescribed.The turbulent kinematic viscosity is set to zero at the wall.
Nozzle and SED geometry
The axisymmetric conical nozzle has a convergent angle 30 deg and throat diameter D * =0.03 m. The semi-cone angle of the divergent section of the nozzle  is 16.557 deg. The nozzle exit diameter is D e =0.14 m and is located at 0.185 m from the nozzle throat. The contour and the conical nozzles are having identical throat and the exit diameters. The maximum difference between the area ratios of the contour and the conical nozzles (Mehta et al. 2012 ) is seen at about x=0.1 m. where x is measured from the nozzle throat. The contour and the conical nozzles are shown in Fig. 1 .
The length and diameter of the SED is 0.7 m and 0.14 m, respectively. The diameter of the SED D D is equal to the diameter of nozzle exit D e . The area ratio of the nozzle exit-to-throat and the area ratio of diffuser diameter-to-nozzle throat is 21.7. Geometrical detail of the SED is shown in Fig. 1. 
Computational grid
The computational grid of SED is generated using Gambit version-2.1, and the governing fluid dynamics equations are solved using FLUENT-6.2, a finite volume based commercial CFD flow solver (FLUENT 2010) . A fully coupled implicit compressible flow solver with Spalart and Allmaras (1992) turbulence model has been used to compute the flow pattern inside the diffuser system. The numerical simulations of the above mentioned equations are carried out until the residues fall below 1.010
6 for all the flow variables. To investigate the sensitivity of the grid in the axial and radial directions, a numerical investigation is performed for various grid sizes of 12060, 16060, 12080, and 18050. The present numerical simulations were carried out on 12080. The value of viscous sub-layer is kept above 26. Thus, the first computational grid is in the buffer layer of the turbulent boundary layer. The grid independent tests are carried out for the nozzles in the publications (Mehta et al. 2012) . 
Results and discussion

Flowfield characteristics inside the contour and conical nozzle
Fig. 2 displays the vector plots for the contour and the conical nozzle. The colour bar is identical for all the vector and Mach contour plots. The vector plots are having different velocity profile at the identical stagnation to ambient pressure ratio P 0 /p a as depicted in Fig. 2 . It can be seen from the velocity vector plots that the flow separation depends on the nozzle geometry for a given P 0 /p a . A large flow separation is noticed in the conical nozzle as compared to contour nozzle at P 0 /p a =34. Fig. 3 depicts the Mach contours for the contour and the conical nozzles for various value of P 0 /p a for 20 to 34. The Mach contour plots show that the shock wave location and shape depends on the nozzle geometry. The contour plots of the contour and conical nozzle indicate that the flow separation and shock wave inside the nozzle depend on the nozzle. It can be seen from Figs. 2 and 3 that the streamline depends on the nozzle geometry. The effects of geometry of the nozzle play significant role on the flowfield. A wall function approach (Saxena and Mehta 1986 ) is used to bridge the viscous sub-layer and the fully developed turbulent flow. Fig. 4 (a) and (b) depicts the variation of centerline and wall Mach number inside the contour nozzle. The Mach number value shown in Fig. 4 (b) is taken above the edge of the viscous sublayer (Saxena and Mehta 1986) . The centre line variations of Mach number and the value at the first grid from the wall of the contour and the conical nozzles are illustrated in Fig. 1 . It is interesting to note that the formation of the hump in the conical nozzle is found between the axial locations of about 0.03-0.05 m as seen in Fig. 4(b) . The two dimensional numerical simulation exhibits a hump in the centre line Mach number variation for the conical nozzle. This can be 
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is described by two variables, the flow angle with respect to the centre line of the nozzle and the Prandtl-Meyer function (Liepmann and Roshko 2007) . However, no hump formation is observed in the Mach profile of the contour nozzle. The distribution of the Mach number along the wall is influenced by the profile of the nozzle wall and the viscous effects. The average exit Mach number is higher in the contour nozzle as compared to the conical nozzle. Fig. 5 (a) and (b) shows the variation of Mach number along the centre line and wall of the conical nozzle for various value of P 0 /p a respectively. The centerline maximum Mach number is 4.5. The wall maximum Mach number is 1.8. It shows the shock is moving towards the exit of the nozzle as the pressure ratio P 0 /p a increases. For a P 0 /p a =28, the normal shock goes out of the nozzle. All the normal shocks are located between 0.14 m to 0.185 m of the nozzle. Fig. 5 (b) shows formation of hump inside the conical nozzle. The flow behavior in the conical and the contour nozzles can be explained using quasi-one-dimensional isentropic flow which gives the relationship between the Mach number and the area ratio of conical nozzle. 
Flowfield characteristics inside the SED
The location of the shock structure was investigated with the different pressure ratios P 0 /p a of the diffuser. The normal shock wave, the oblique shock wave location, the flow separation behavior, and shear layer are analyzed. The diffuser diameter is the same as that of the nozzle exit diameter. The velocity vector profiles differ inside the SED and depend on the nozzle. The maximum center line Mach number is 5.2. It clearly shows that the there is a small increase in pressure as the flow comes out of the nozzle, unlike centerline pressure which continues to remain constant. The wall static pressure after a small increase continues to decrease before rising to the ambient pressure. Fig. 9 (a) and (b) shows the variation of Mach number along the centerline and wall respectively for various value of P 0 /p a in the SED with the contour nozzle. The variation of the centerline and wall Mach number differs with Fig. 8 (a) and (b). It reveals once again the flowfield as well as centerline and wall Mach number depend on the nozzle geometry.
Conclusions
Numerical simulation is performed to obtain the flowfield inside the contour and the conical nozzles (having identical area ratios) exhausting into a straight cylindrical SED by solving the axisymmetric time-dependent compressible turbulent Reynolds-Averaged Navier-Stokes equations. At the inlet of the nozzle stagnation-to ambient pressure ratio is varied from 20-34.The straight cylindrical SED is having A e /A * =21.7 and L/D=5. A formation of a hump is observed in the centre line Mach number variation of the conical nozzle and is found to be a function of the geometrical parameters of the conical nozzle. The area ratio variations of the conical and the contour nozzles have significant influence on the gradient of Mach number. The contour nozzle gives uniform flow at the exit with the higher average Mach number as compared to the conical nozzle. The effects of geometry of the nozzle play significant role on the flowfield.
The contour and the conical nozzles display different flow characteristics. The maximum Mach number along the centerline is higher for the contour nozzle than for the conical nozzle, where as the maximum Mach number along the wall displayed not much difference. These differences are attributed to the geometry of the nozzles. In the SED with conical nozzle, the conical nozzle behaves like an under expanded nozzle, where as the flow in the SED attached with contour nozzle showed fully expanded nozzle behavior.
